PURPOSE. To examine the anatomical variation of normal human collector channel orifices and their relationship with Schlemm's canal.
I ntraocular pressure (IOP) is determined by the relationship between the amount of aqueous humor produced, the drainage of aqueous humor through the outflow pathways and episcleral venous pressure. Increased outflow resistance to aqueous humor drainage results in elevated IOP, 1 which is the most prevalent and only treatable risk factor for glaucoma. 2 In humans, the majority of aqueous humor is removed from the anterior chamber by way of the trabecular meshwork. Considerable attention has been directed toward the juxtacanalicular region of the trabecular meshwork and the adjacent basement membrane of Schlemm's canal as the main site of outflow resistance in both normal and glaucoma eyes. [3] [4] [5] However, up to 50% of the resistance to aqueous flow occurs in the aqueous outflow pathway distal to the trabecular meshwork. 6, 7 This includes Schlemm's canal and the collector channels that join Schlemm's canal to intrascleral and episcleral vessels.
Collector channels are endothelial-lined openings that originate in the outer wall of Schlemm's canal and act as conduits to pass aqueous fluid to intrascleral and episcleral vessels leading to the venous system. The number of collector channels varies in humans, but generally is in the range of 24 to 35 per eye, [8] [9] [10] and are distributed in a random manner around the circumference of Schlemm's canal outer wall. Recent work by our laboratory confirmed the variation and number within normal eyes and observed increased collector channel numbers in POAG eyes under elevated pressure. 11 The openings (or orifices) of collector channels have been described as ovals, ovals with aqueous bridges, 10 and ovals with sieve-like coverings.
12 ''Torus-or lip-like ridges'' have also been observed by transmission electron microscopy. 13 In addition to collector channels, a variety of intraluminal structures have been reported. These structures include septa that are adjacent to collector channel orifices 10 and tubule-like structures. 14 Septa are column-like structures, 30 to 50 lm in diameter, which are made up of a collagenous core lined by Schlemm's canal endothelium. Septa connect to both the inner and outer wall of Schlemm's canal and are thought to be important for maintaining the patency of Schlemm's canal during high pressure elevation.
14 Tubule-like structures 10 to 12 lm in diameter span the inner and outer wall and are found throughout Schlemm's canal. While the function of tubule-like structures are not known, these structures have been shown to transport aqueous, pigment, and red blood cells (Martin E, et al. IOVS 2012;53:ARVO E-Abstract 3261). 14 Interest in understanding the role of collector channels in outflow resistance has increased due to reports of preferential flow patterns within the trabecular meshwork, changes in collector channels with pressure (Zhou Z, et al. IOVS 2015:56;ARVO E-Abstract 3259), and pathologic changes in collector channels found in glaucoma (Gong H, et al. IOVS 2007;48:ARVO E-Abstract 2079). 11, [15] [16] [17] [18] [19] Because collector channels and the structures associated with them have not been consistently described in the human eye, we examined the intraluminal surface morphology of Schlemm's canal with iovs.arvojournals.org j ISSN: 1552-5783 special reference to associated anatomical structures such as septa, tubule-like structures, and endothelial bridges that span collector channel orifices in normal human eyes. Studying the anatomical characteristics of collector channel orifices in conjunction with the associated septa and tubule-like structures will help to understand the structure-function relationships in aqueous humor outflow.
METHODS

Human Eyes
Use of human donor eyes was approved by the Mayo Clinic (Rochester, MN, USA) institutional review board and conformed to the ethical guidelines defined by the Declaration of Helsinki. Ten archived normal human eyes stored in different fixative solutions were used for this study (Table) . Four eyes, mean age 58 (range, 33-73), were immersion fixed in either 2% or 4% paraformaldehyde in 0.1 M phosphate buffer. Six additional eyes, mean age 73 (range, 49-88) were perfusion fixed at 10 mm Hg in either 4% paraformaldehyde, 4% paraformaldehyde/2% glutaraldehyde, or in a light fixation regimen in which 3% paraformaldehyde/0.1% Triton X-100 (5 minutes) was followed by 3% paraformaldehyde (30 minutes) with storage in 1.5% paraformaldehyde. All perfusion fixations were preceded by two hours of initial perfusion with Dulbecco's Modified Eagle's Media (DMEM; Mediatech, Inc., Herndon, VA, USA) at 10 mm Hg to assure the anterior segment outflow channels remained open. 20 
Tissue Dissection
Anterior segments were removed from all specimens and dissected into 1-mm radial wedges preserving the complex flaps and adjacent tissue. Three to seven wedges were preferentially selected from each eye by laying the 1-mm radial sections flat on a glass slide in a drop of PBS and using transillumination on a dissecting scope to visualize collector channels, septa, and other prominent outer wall features (n ¼ 41). These wedges were finely dissected into corresponding inner and outer wall specimens. Briefly, with the radial wedge lying flat on a wax dissecting surface, a vertical cut was made at the anterior limit of Schlemm's canal. This separated the inner and outer wall anteriorly. An angular cut was made from the posterior aspect of Schlemm's canal extending to the edge of the ciliary body remnant. Any connections between the inner wall and outer wall were gently severed with a beaver blade to allow complete separation of the canal. The remnant of the ciliary body was then used to transfer the specimens so the endothelial surface was left undisturbed. The inner and outer wall portions were each processed for scanning electron microscopy.
Scanning Electron Microscopy
Tissue corresponding to inner and outer walls of each wedge were rinsed in 0.1 M phosphate buffer (pH 7.2) and post-fixed in a phosphate buffered 1% osmium tetroxide solution for 1 hour. The specimens were dehydrated in a graded series of acetone solutions (50%-100%), critical point dried, mounted, and sputter coated with gold. Specimens were examined in a JEOL 6510 scanning electron microscope (Peabody, MA, USA) at 10 to 15 KV at magnifications from 3200 to 310,000. Collector channel orifices were measured at the widest measureable diameter. This included orifices, which were transected in preparation or partially obstructed from view by flaps. For example, the diameter of orifices with oval shapes was measured on the long axis.
Orifice Analysis
A total of 52 visible orifices were examined and categorized as either simple or complex. For each orifice, the largest measureable diameter was measured using a linear distance application that is included in ANALYZE software (Mayo Clinic, Rochester, MN, USA). The measurements of diameter were carried out on four separate occasions by one of the authors (MB) and on one occasion by another of the authors (CH). The five independent measurements were averaged to obtain representative diameter values for each orifice. The intraclass Para, paraformaldehyde; Glut, glutaraldehyde. * Initially perfused 5 minutes with 3% paraformaldehyde/0.1% Triton X-100 followed by 3% paraformaldehyde for 30 minutes and stored in 1.5% paraformaldehyde. 
Correlative Light Microscopy
Representative wedges were prepared for light microscopy to examine complex orifice features. The wedges were dehydrated in ethanol and embedded in Epon-Araldite. Serial 1-lm sections were cut and stained with 1% Toluidine Blue.
Statistical Analysis
Orifice diameters are reported as the mean 6 SEM. Unpaired ttests were performed to examine whether fixation (immersion versus perfusion) or type of collector channel (simple versus complex) were statistically different. Comparisons with a P less than 0.05 were considered to be significantly different. The reproducibility of the collector channel diameter measurements between intraobserver and interobserver was investigated using intraclass correlation coefficients. This was completed both within the four measurements from the first observer, and between the observers. The range of this statistical summary is from zero to one with a zero implying no reproducibility and 1 being perfect reproducibility. Additionally, 95% CIs were provided for the estimates.
RESULTS
Collector channel orifices were evaluated and split into two groups: simple or complex. Of the 52 orifices examined, 19 (37%) had simple oval openings in the outer wall of Schlemm's canal while 33 (63%) were complex due to bridge-like coverings, flap-like structures, or association with septal columns. The long axis of the oval orifices corresponded to the long axis of Schlemm's canal.
Simple Collector Channel Orifices
Simple orifices had an oval appearance with a 54.7 6 4.6 lm diameter opening (n ¼ 19, range, 20-232 lm). No difference in diameter size was identified between immersion (n ¼ 12) or perfusion fixed tissue (n ¼ 7; P ¼ 0.25). In regions that were torn or cut during preparation, the orifices were lined with a single thin layer of outer wall endothelial cells that appeared narrow in width (5-10 lm) and elongated (50-100 lm), with slightly raised edges at the junction of adjacent cells (Fig. 1A) . Simple orifices were most often seen in planar regions in the middle or anterior portion of Schlemm's canal. Six orifices had a thickened endothelial rim that surrounded the entire circumference at the junction with Schlemm's canal (Fig.  1A) . Seven orifices had a partial lip-like rim that was located opposite to a smooth sloping entrance and appeared to funnel fluid downward into the collector channel (Fig. 1B) . A partially denuded simple orifice revealed an extensive branching of extracellular matrix with a dense circumferential fibrous appearance at the edge of the orifice (Fig. 1C) . Four of 19 simple orifices were located within 100 to 300 lm of a complex orifice. 
Complex Collector Channel Orifices
Complex orifices were similar in structure and size to the simple orifice with an average mean diameter of 62.7 6 3.4 lm (n ¼ 33, range, 20-236 lm; P ¼ 0.16) with no size difference noted between immersion (n ¼ 10) or perfusion fixed tissue (n ¼ 23; P ¼ 0.82). The complex orifices were most often located in the middle and posterior portions of Schlemm's canal. During gross dissection, large intrascleral vessels were observed posterior to Schlemm's canal within the sclera adjacent to the scleral spur. These vessels in some cases extended further posteriorly terminating on the surface of the sclera beneath the posterior portion of the ciliary body. A variety of structures were associated with the complex orifices. Sixteen of 33 complex collector channel orifices were elongated and were spanned by a wide bridgelike structure dividing the orifice. The bridge-like structure appeared to be a support for maintaining orifice patency. The bridge-like structures appeared to be covering either one or in some cases two collector channel orifices (Fig. 2) . The bridge structures were lined with outer wall endothelial cells oriented parallel to the span of the bridge crossing the orifice. The bridges had an underlying fibrous matrix core that was continuous with the underlying connective tissue.
In addition to bridge-like structures, twelve complex orifices had flap-like structures (Figs. 3, 4) . These flap-like structures extended between the outer and inner walls with a luminal surface lined by endothelial cells that were oriented in relation to the shape of the particular structure. Various configurations of endothelial-lined extensions with diameters of 10 to 20 lm were present that fanned over the orifice and anchored the flaps to the inner and outer wall (Figs. 3, 4) . The flap with its extensions covered not only the orifice proper (Fig. 3C ) but extended distally beyond it for some distance (Fig.  3B) . Magnification of a tethered region (Fig. 4B) showed that these extensions commonly formed ''U''-shaped outer wall connections and contained an underlying fibrous core. In some instances, tubule-like structures could be identified. The extensions and tubular-like structures could also be observed in gross dissections (Fig. 5A) . Serial sections of the wedge (Fig.  5B) facing the transected area shown in Figure 4B confirmed the presence and complexity of the flap-like structures associated with the orifices. In these sections, the connective tissue core in the flaps and extensions was continuous with the juxtacanalicular tissue.
Five of the complex orifices were associated with septal columns. Septal columns in association with collector channels were visible in gross dissections before the separation of the inner and outer wall (Fig. 5A ).
Schlemm's Canal in Region of Collector Channel Orifices
The endothelial cells of the outer wall were mostly flat and elongated with the longitudinal axes of the outer wall endothelial cells frequently oriented toward the orifices, giving an impression of streaming in both simple and complex collector channels (Figs. 1B, 6A, 6B ). In contrast, the endothelial cells of the inner wall were more rounded, slightly narrower (4-to 6-lm wide), shorter in length (40-60 lm), and often bulging toward the lumen of Schlemm's canal (Figs. 2, 6C) . The junction between cells varied from slightly raised edges to grooves or fissures between the cells. The elevated cells were more numerous in areas of the inner wall directly underneath both simple and complex collector channel orifices, giving the inner wall a cobblestone appearance. Inner wall endothelium formed complex folds, pockets, and clefts in areas opposite the collector channel orifices. Plaque-like areas (50-200 lm) containing fibrous material were found on corresponding inner and outer walls, most likely representing areas that were in close apposition. Small delicate tubular-shaped structures were often seen in the gross dissections in the anterior and middle portion of Schlemm's canal (Fig. 5 ) but were not found intact in SEM preparations. 
DISCUSSION
The results of the present study indicate that collector channel orifices have diverse morphologic appearances ranging from simple oval openings to complex orifice structures. Complex orifices were observed frequently with bridge-like structures, tethered flaps and in association with septal columns. In addition, complex orifice flap-like structures were connected to the inner and the outer wall of Schlemm's canal. It is unlikely that the complex orifices were a result of tissue preparation because they were observed in eyes that were immersion fixed and also in eyes that were perfusion fixed. There was considerable variation in orifice diameters, which ranged between 20 and 110 lm. These values were consistent with those previously reported. 9, 10, 21 The orifice diameters were similar in both simple and complex orifices.
While single flaps and bridging sieve-like structures have been described, 10, 12 multiple flap-like connections to the inner and outer wall of Schlemm's canal have not been previously reported. This could be due in part to the use of routine dissection and the representative sampling techniques used for light, transmission, and scanning microscopy. In our study, collector channel regions were preferentially selected by dissection and preserved with surrounding tissue to get a 3-dimensional analysis of collector channel regions. Collector channels in radial wedges greater than 50 lm in size were visible in the outer wall. It is interesting to note that many collector channels associate with large intrascleral vessels or connect to ciliary vessels. It is interesting to speculate that different orifice structures (simple versus complex) may relate to specific connections within the venous system and indicate a systematic hierarchy of moving aqueous fluid between different vascular beds. Answers to the exact functions of these complex collector channels will rely on further studies of the outflow system to definitively establish the nature of downstream connections.
Complex collector channels with flap-like extensions connecting the inner and outer wall may also function similar to valves found in veins and lymph vessels by limiting fluid backflow. In this regard, the flaps could potentially prevent aqueous fluid that had passed into the collector channels from returning to Schlemm's canal when pressures in Schlemm's canal are similar to episcleral venous pressure. It is known that reflux of blood occurs when the IOP is lower than episcleral venous pressure in the range of 8 to 9 mm Hg. 22 When episcleral venous pressure is higher than Schlemm's canal pressure, these flaps may leak, causing blood reflux into Schlemm's canal. Ramos et al. 23 suggested that Schlemm's canal endothelium share many morphologic and functional characteristics with endothelium of both blood and lymphatic vessels. 24 Recent work has shown the presence of prospero homeobox protein 1 (PROX1), a protein responsible for regulating lymphatic development, and forkhead transcription factor FOXC2, a lymphatic valve marker protein, in Schlemm's canal endothelial cells of lymphatic and blood vasculature reporter mice. 25 Additionally, Park et al. 25 found that Schlemm's canal cells also expressed integrin a9 and had vascular endothelium-cadherin (VE-cadherin) containing junctions similar to collecting lymphatics. These findings along with new work demonstrating the responsiveness of Schlemm's canal development in mouse, zebrafish, and human eye tissue to VEGF-C, a lymphangiogenic growth factor, suggests that Schlemm's canal has lymphatic characteristics and may function as a rudimentary lymphatic vessel. 26 Li et al. 27 using a primate model system and phase sensitive optical coherence tomography (PhS-OCT) have observed that the trabecular meshwork and Schlemm's canal are sensitive to pulse-induced movement. Using PhS-OCT with defined parameters of pressure and pulsed-flow demonstrated dilation of Schlemm's canal, distension of trabecular meshwork, and increased visibility of collagenous structures within the canal and at collector channel ostia. 28 These observations suggest that a mechanism, similar to the valve-like function proposed here for complex flaps, may be necessary to keep orifices patent by being readily deformable to compensate for rapid pressure changes as found during head movement, blinking, and sneezing, 29 and may also function in response to transient movement in normal IOP. 14 In the present study, we observed adhesion areas and septal columns where the inner and outer walls were in close contact. Presumably these adhesion sites represented deformation of inner wall toward the outer wall. The septal columns maintained Schlemm's canal patency especially in the vicinity of collector channel orifices, preventing herniation of the inner wall into the collector channel. Smit and Johnstone 30 suggested that extensions bridging the inner and outer wall may serve as tethers that maintain the shape of Schlemm's canal.
The flap-like extensions of complex collector channels may relay extracellular matrix tension or stiffness through Schlemm's canal endothelial cells by coupling the matrix of the inner and outer wall. This could occur via the elastin fiber system, which connects to the actin cytoskeleton of Schlemm's canal cells through connecting fibrils. 31 Regions where the endothelium was disrupted or missing on flaps or orifices, revealed a matrix with a mesh pattern similar to that reported for the elastin fiber system of rat venules. 32 The appearance of the extracellular mesh was also similar to that observed by scanning electron microscopy in preparations from our laboratory where the inner wall endothelium of Schlemm's canal was removed in anterior segment culture with varying concentrations of ethacrynic acid. 33 Further correlative histologic and immunologic labeling will extend these observations.
Additional hints of coupling that may relay matrix tension or stiffness was observed in the mirror alignment of outer wall cells in regions of collector channels, which are contiguous in flaps, septums, and tubule-like structures. The alignment of endothelial cells was apparent in our study with outer wall endothelial cells aligned with one another toward collector channel orifices. The endothelial cell alignment appears to depend on transendothelial flow of aqueous humor. Its associated pressure gradient and the alignment of F-actin in the endothelial cells appears to provide critical mechanical reinforcement as noted by Ethier et al. 34 Notably the actin cytoskeleton is linked to the elastin system, which may act in concert to sense changes in the extracellular matrix environment along with integrins and other signaling proteins.
Variations in collector channel orifice structure imply a possible regulatory function through linkage to the distal outflow system. In addition, the presence of different types of collector channels may compensate for changing conditions in fluid flow and pressure dynamics adjacent to the orifices and in Schlemm's canal at large. In aging or disease, if one collector channel orifice becomes blocked or a region of Schlemm's canal becomes adherent, other collector channels would be available. Taken together, the anatomical structures identified in this study indicate a possible regulatory role in fluid dynamics by Schlemm's canal by virtue of collector channels and their associated structural entities such as flap-like structures, septa, and tubule-like structures. Further studies are warranted to explore the distal outflow pathway, its structures and its role in aqueous humor dynamics.
